The cingulum, the neural tract connecting the orbitofrontal cortex with the medial temporal lobe, plays an important role in cognition (Bush et al., 2000) . It is also important in memory because it provides cholinergic innervations to the cerebral cortex after obtaining innervation from the medial septal nucleus, the vertical nucleus of the diagonal band, and the nucleus basalis of Meynert via the medial cholinergic pathway (Nieuwenhuys et al., 2008; Naidich and Duvernoy, 2009; Hong and Jang, 2010a) .
Before introduction of diffusion tensor imaging (DTI), precise assessment of the cingulum in the live human brain has been limited due to its anatomical characteristics and no discriminability with adjacent neural structures on brain MRI. Diffusion tensor tractography (DTT), which is reconstructed from DTI, has recently allowed reconstruction of the cingulum (Concha et al., 2005) . Many studies using DTT have reported injury of the cingulum in traumatic brain injury (TBI) and stroke, however, little is known about mild TBI (Brandstack et al., 2013; Jang et al., 2013; Kurki et al., 2014; Kwon et al., 2014) .
In this study, using DTT, we report three patients who had severe bilateral anterior cingulum injury after mild TBI.
Three patients (two males and one female, aged 39-59 years with the mean age of 51.3 ± 10.8 years) with mild TBI and 10 normal control subjects (six males and four females, aged 46-56 years with the mean age of 50.4 ± 3.4 years) were included in this study. All these subjects had no history of neurological, physical, or psychiatric illness. Patients were recruited according to the following inclusion criteria: (1) loss of consciousness for < 30 minutes, post-traumatic amnesia for ≤ 24 hours, and initial Glasgow Coma Scale score of 13-15 (Mild Traumatic Brain Injury Committee, 1993; Alexander, 1995) , (2) no abnormality on brain MRI, (3) bilateral discontinuations of the anterior cingulum on DTT, and (4) no history of head trauma, neurologic or psychiatric disease. The patients provided signed, informed consent and our hospital review board approved the study protocol.
The Wechsler Intelligence Scale (WAIS) and Memory Assessment Scale (MAS) were employed for evaluation of cognition. We conducted the clinical evaluation at the time of DTI scanning. The reliability and validity of these evaluation tools have been demonstrated by previous studies (Williams, 1981 (Williams, , 1991 . DTI data were obtained using a 6-channel head coil on a 1.5 T scanner (Gyroscan Intera; Philips Medical Systems, Best, the Netherlands) with single-shot echo-planar imaging at 1.67 ± 1.53 months after the onset of TBI. Sixty contiguous slices (repetition time 10,726 ms; echo time 76 ms; b 1,000 s/mm 2 ; number of excitations 1; and thickness 2.5 mm) were acquired. DTT was reconstructed by FACT algorithm (Mori et al., 1999) . A seed region of interest (ROI) was drawn on the middle portion of the cingulum, and the target ROI was drawn on the posterior portion of the cingulum. DTT was performed across the neural tract passing through both ROIs, and the termination criteria included fractional anisotropy (FA) < 0.15 and angle < 27 o (Hong and Jang, 2010b) . The FA and fiber number (FN) were measured for each cingulum.
The demographic, clinical, and DTT data of three patients and 10 control subjects are shown in Table 1 . In the evaluation of cognition, all three patients showed memory impairment on the MAS, although total cognition was within normal range on the WAIS. On DTT for the cingulum, no discontinuation was observed between the anterior cingulum and the basal forebrain in normal subjects. By contrast, on DTTs of all three patients, bilateral discontinuations were observed between the anterior cingulum and the basal forebrain around the genu of the corpus callosum (right and left side DTT parameters of the cingulum: patient 1, FA: 0.41/0.38 and FN: 1,359/2,084; patient 2, FA: 0.41/0.39 and 768/1,990; patient 3, FA: 0.40/0.37 and FN: 1,058/1,410) ( Figure  1) . In addition, three cingulums were narrowing (patient 2-right cingulum and patient 3-both cingulums). Compared to the normal control subjects (FA: 0.41 ± 0.02; FN: 2,319.45 ± 414.34), the FN values of the right cingulum in patients 1 and 2 and of both cingulums in patient 3 were lower by more than two standard deviations (SDs) above those of control subjects ( Table 1) . However, the FA values of six cingulums in three patients were within two SDs of those of control subjects.
In this study, we examined injury of the cingulum in three patients with mild TBI caused by traffic accidents. Our results in terms of cognitive function, DTT configuration, and DTT parameters are as follows: 1) cognitive function -memory impairment with normal total intelligence; 2) DTT configuration -discontinuation of the bilateral anterior cingulums around the genu of the corpus callosum was observed in all three patients, in addition, narrowing of three remaining cingulums was observed in two patients; and 3) DTT parameters -the FN value of four cingulums in three patients was decreased and the FA value of all six cingulums was not significantly changed.
Because discontinuation of the cingulum was not observed in all normal subjects, so discontinuation of the anterior cingulum indicates definite injury of the cingulum. These results observed on DTT configuration appeared to be consistent with the memory impairment in all three patients. DTT parameters such as the FA and FN reflect the state of the neural tract (Neil, 2008; Kwak et al., 2010) . FA value indicates the degree of directionality of water diffusion, representing white matter organizatiion (Neil, 2008) . FN value means the number of included voxels in a neural tract (Kwak et al., 2010) . Decreased FN value without significant change of FA value indicates injury of the cingulum. These results are consistent with the discontinuations observed on DTT configurations. No abnormality was detected on brain MRI, and the injury of bilateral cingulums in three patients occurred because of traumatic axonal injury (Povlishock, 1992; Alexander, 1995; Povlishock and Christman, 1995) . However, FN values of three cingulums were within normal range despite discontinuation on DTT, which appeared to be attributed to the fact that a partial injury of the cingulum cannot result in an abnormality of DTT parameters because the cingulum is a large and long neural tract. This result suggests that DTT configuration might be superior to DTT parameters in diagnosis of an injury of the cingulum. Regarding the injury location, Rutgers et al. (2008) reported that the genu of the corpus callosum was injured in mild TBI patients whereas both the genu and splenium were injured in moderate and severe TBI patients (Rutgers et al., 2008a) . Therefore, we think that discontinuation of the anterior cingulum around the genu of the corpus callosum might be a typical finding of cingulum injury in patients with mild TBI. In addition, thinning of three cingulums might indicate degeneration after discontinuation of the anterior cingulum (Hong and Jang, 2010b) .
In conclusion, we demonstrated severe bilateral anterior cingulum injury with memory impairment following mild TBI due to a traffic accident. Further studies are necessary to clarify other findings of injured cingulum after mild TBI.
Since the development of DTI, many studies have reported on injury of the cingulum by measuring DTI parameters in patients with mild TBI (Rutgers et al., 2008b; Wu et al., 2010; Shenton et al., 2012) .
Regarding DTT study, as far as we are aware, this is the first study to report severe anterior cingulum injury following mild TBI. However, limitations should be considered. First, it is a case report; therefore, further studies involving a larger number of patients are encouraged. Second, DTT can cause false negative result due to crossing fibers and partial volume effect (Parker and Alexander, 2005) . In addition, DTT show changeable data based on patient's age and duration from TBI onset to DTT conduction. On DTT images of the cingulum, bilateral discontinuations between the anterior cingulum and the basal forebrain were observed in all three patients (blue arrows) and narrowing was also observed in three cingulums (green arrows). (C) DTT images of the cingulum in three normal subjects.
